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Summary

This document presents technical information regarding watershed classification schemes
and potential sampling priorities for contaminant monitoring in small tributaries draining
to San Francisco Bay. This study provides information to be used in conjunction with
other technical information, monitoring and management considerations, and stakeholder
priorities to develop and design monitoring studies conducted to address management
needs and questions of the Regional Monitoring Program for Water Quality in the San
Francisco Estuary (RMP) and the Municipal Regional Stormwater Permit (MRP).

Cluster analysis using Bray-Curtis dissimilarity was used to classify 185 Bay Area
watersheds into eight categories based on existing information and data pertaining to
several watershed characteristics and attributes: population; historic and current land use,
cover (i.e., imperviousness), and activities (e.g., auto dismantling, railroads); and
contaminant data describing PCB and Hg distribution in watershed soils and sediment.
The majority of watersheds (n = 119) were categorized into three main clusters [Cluster 1
(n=41), Cluster 2 (n =43) and Cluster 3 (n = 35)] that are typical of urban watersheds in
the Bay Area, characterized by densely populated low lying areas with high proportions
of residential, commercial, and industrial land use that drain into South and Central Bays.
These watersheds differ primarily in the existence of PG&E substations (only for Cluster
2) and historic land use for railroads and pumping stations (general absence in Cluster 3).

The remaining watersheds (n = 76) fall into the five other clusters that have relatively
distinct watershed attributes, primarily based on imperviousness and land use. These
clusters span the range of impervious cover found in the Bay Area: small, densely
industrial (68% current and 73% historic) watersheds in the vicinity of San Francisco
International Airport in Cluster 4 (n = 11); larger watersheds with high proportions of
land uses devoted to open space in Clusters 5 (n =11, 61%,) and 6 (n =22, 63%) and
agriculture in Cluster 7 (n = 17, 43%); and small, nearly total open land use (97%)
watersheds draining to Carquinez Strait in Cluster 8 (n =5). Some Cluster 6 watersheds
occurred in low-lying areas adjacent to the Bay and had relatively high density of PG&E
substations, both of which could contribute to higher pollutant loads, compared to Cluster
5.

Ordination results indicated two watershed attributes influencing variation in watershed
clusters. The first influence on clustering was gradients in impervious cover. This was
exemplified by the gradient in industrial land cover with high imperviousness observed in
Cluster 4 to open land cover in Cluster 8. The second influence on clustering was
specific industrial development within the watershed. This was illustrated by differences
between Cluster 3 and Clusters 1 and 2. Though all three of these clusters contain
moderate to high industrial land cover, watersheds in Cluster 3 do not contain railroads or
PG&E facilities. The ordination results suggest that the small urbanized watersheds
(Bray-Curtis Cluster 3), agricultural watersheds (Bray-Curtis Cluster 7), and the
industrial watersheds near SF Airport (Bray-Curtis Cluster 4) are clearly distinct from the
other watersheds in the study area.



Further analyses were conducted to explore the use of the clustering approach based on
only two important variables: impervious cover plus either historic railroads or PG&E
substations. Although a loss of detail occurs when only using two variables to cluster
watersheds, the results generally agree with the cluster results using the full set of
variables.

This watershed classification provides information for efforts aimed at selecting
watersheds for subsequent contaminant concentration and loads monitoring with the goal
of targeting specific land attributes and thus, potential historic and current sources. In
the case of targeting historic pollutants with industrial sources (e.g., PCBs), candidate
watersheds would contain areas of historic industrial land use and activities, such as those
found in Clusters 1, 2, 4, and 6. Additional considerations for selecting watersheds may
include: collection of monitoring data on contaminant concentrations and loads; including
a range of watershed sizes; and including a range of impervious cover. Characterization
of the full range of watershed sizes and impervious cover, particularly for small, open-
space watersheds, where contamination is dominated by atmospheric deposition and
natural attenuation, should aid in evaluating the relative severity of contamination and
loading from high-leverage tributaries. Monitoring for watersheds spanning a wide range
of attributes should assist in calibration of concurrent land-use based loading models
efforts for the Bay.



Introduction

The San Francisco Bay Regional Water Quality Control Board (Water Board) has
developed Total Maximum Daily Load reports (TMDLs) for mercury (Hg) and
polychlorinated biphenyls (PCBs) (SFBRWQCB 2006, 2008). These TMDLs summarize
available knowledge, provide linkages between wasteloads and beneficial uses, and
prescribe mass load reductions aimed at bringing San Francisco Bay into compliance
with water quality objectives or other applicable standards (SFBRWQCB 2006, 2008).
Both TMDLs call for increased effort by stormwater agencies to manage and reduce
loads over a 20 year period (2028 for Hg and 2030 for PCBs). The TMDLs allow for
wasteload allocations (WLAs) of 82 kg of Hg and 2 kg of PCBs in urban stormwater.
These represent estimated reductions of 50% and 90% over the present load estimates of
160 kg of Hg and 20 kg of PCBs. However, the current loads estimates are highly
uncertain. In addition, since one method of demonstrating compliance is to determine
trends in loads (either mass or particle concentrations), there is a need for increased effort
to measure loads.

This need is reflected in the recently adopted Municipal Regional Stormwater Permit
(MRP) (SFBRWQCB 2009) that covers the co-permittees of the cities of Vallejo,
Fairfield, and Suisun, and the counties of Contra Costa, Alameda, Santa Clara, and San
Mateo. Provision C.8.e of the MRP calls for pollutants of concern (POCs) monitoring
that is intended to assess inputs of POCs to the Bay from local tributaries and urban
runoff. This monitoring should provide a basis to assess progress toward achieving
WLAs for TMDLs. It is also intended to help resolve uncertainties associated with
loading estimates for these pollutants.

Consistent with this permit requirement, the Regional Monitoring Program for Water
Quality in San Francisco Bay (RMP) has developed a Small Tributaries Loadings
Strategy (STLS). The STLS is intended to help RMP and Bay Area Stormwater
Management Agencies Association (BASMAA) efforts achieve common objectives laid
out by the permit. The STLS and the permit provision C.8.e. were developed in parallel
and contain the same basic management needs:

1) Identify which Bay tributaries (including stormwater conveyances) contribute
most to Bay impairment from pollutants of concern;

2) Quantify annual loads or concentrations of pollutants of concern from tributaries
to the Bay;

3) Quantify the decadal-scale loading or concentration trends of pollutants of
concern from small tributaries to the Bay; and

4) Quantify the projected impacts of management actions (including control
measures) on tributaries and identifying where these management actions should
be implemented to have the greatest beneficial impact.

A long-standing recommendation of the Sources Pathways and Loadings Workgroup
(SPLWGQ), a technical workgroup of the RMP, is to stratify watersheds into general



categories and then to sample a subset of watersheds in selected categories. Two key
questions in relation to the STLS and the MRP are as follows: (1) how many types of
watersheds occur in the permitted region; and (2) how many watersheds should be
studied to answer key management questions? In response to needs of the MRP as well
as the RMP (described below), this study has two main objectives:

1) To develop and document a rationale for initially classifying Bay Area small
tributary watersheds into a small number (<10) of classes, relevant for loads
monitoring and Bay margin impacts;

2) To provide STLS stakeholders with a tool to help develop a list of representative
watersheds in each class, and rank them for focused follow-up evaluation.

Categorizing watersheds and determining which watersheds to study will provide a basis
for improving the cost effectiveness of developing loads information. It will also provide
support for other strategies and initiatives. For example, the RMP Modeling Strategy is
developing a Bay margins conceptual model that will benefit from establishing priority
watersheds, and from compiling watershed contaminant and process data. In addition, the
RMP Small Fish Study (Greenfield and Jahn 2010), originally conceived in the Mercury
Strategy, is proposed to be expanded to include PCBs in 2010. Information developed for
classifying watersheds could help to identify candidate sites for small fish sampling. As
the RMP continues to support process studies for contaminant uptake into the food web,
this watershed classification study will help identify high leverage areas on the Bay
margin likely to have relatively large food web impacts.

Cluster analysis is one approach used in previous studies to categorize and characterize
water bodies and watersheds, based on general land cover attributes available through
GIS (Eilers et al. 1983; Young and Stoddard 1996; Bulley et al. 2007). Cluster analysis is
an exploratory technique designed to visualize patterns on complex multivariate data sets,
particularly aimed at identifying unique groupings (i.e., Clusters) within the data set,
based on the combined differences of multiple attributes. In ecology, cluster analysis is
frequently performed to generate categories of habitats, or other groupings of sampling
events, based on overall patterns of species abundance and distribution. In the present
exercise, we use this technique to categorize watersheds in sections of San Francisco
Bay, based on available land use, land cover, and other environmental data. The intent is
to form a basis for developing a sampling scheme to evaluate contaminant and suspended
sediment loading in relation to the TMDLs and MRP permit provision C.8.

Methods

Watershed boundary delineation

In order to generate statistical characteristics of Bay Area watersheds as basic input data
for a cluster analysis, a series of spatial data layers were retrieved from local, state and
federal agencies. Central to this analysis was a watershed boundary layer, the modern
form of which has been in development for several decades. The challenge with urban
watershed boundaries is that much of the drainage system is underground and only



loosely follows topographic landscape features. Since the early 1990s, the RMP,
BASMAA, and Bay Area flood control agencies have been involved in an effort to
collate a geographic information system (GIS) map of the urban drainage infrastructure
for the Bay Area at a regional scale. At present, watershed boundaries have been
generated for most watersheds in western Contra Costa County, Alameda County, Santa
Clara County, and San Mateo County and are downloadable from a range of locations on
the internet including SFEI (http://www.sfei.org/projects/3051). Additional watershed
boundary information was provided from the Contra Costa County Watershed Atlas for
eastern Contra Costa County. The area of the present study includes a total of 185
watersheds in these counties, for which high quality watershed boundary information is
readily available (Figure 1, Appendix A).

Watershed boundaries and drainage areas of the 185 watersheds were modified to remove
tidally-influenced portions of the watersheds and areas upstream of major dams. Bayland
portions of the watersheds with tidal influence were removed from this analysis using the
EcoAtlas Modern Bayland Habitat layer. Areas upstream of major dams were treated as
separate subwatersheds in this analysis, as these were assumed to trap all sediments and
associated contaminants and, therefore, not be valid as future study locations for
assessment of contaminant loads impacting San Francisco Bay. Therefore, these areas
would not be selected for sampling, regardless of the statistical analysis output. To
identify and remove drainage areas above dams, a point file from the National Inventory
of Dams was sorted by the size of the drainage into the reservoir. All points with a
drainage area over 20 square miles (approximately 50 square kilometers) were considered
consistent with the previous work of Davis et al. (2000), resulting in the removal of the
areas above 10 major dams in the study area. The upstream portions of the watersheds
were digitized using the 10 meter Digital Elevation model (DEM), 10 meter DEM
hillshade, USGS Topoquads, and the National Hydrologic Dataset (NHD) flow lines
including the South Bay storm drains. Area was then calculated for each watershed
polygon. The total area delineated upstream of these points is 1,597 km?.

The resulting GIS boundary layer shape file includes 185 watersheds ranging in size from
0.023 to 962 km” and covering a total area of 5,630.5 km? in the counties of Contra
Costa, Alameda, Santa Clara, and San Mateo (Appendix A). Watersheds in the
jurisdictions of Fairfield and Suisun were not included because high quality data have not
yet been assembled on watershed boundaries and other attributes.

GI1S watershed attributes

Statistics for each watershed were generated for human population, land use types
including modern and historical industrial area and rail transport lines, areas of greater
likelihood of PCBs and Hg contamination (for example auto-wrecking yards), areas of
greater PCB use (e.g. PG&E facilities), and other relevant layers thought to be useful for
classifying watersheds in relation to PCB and Hg loading studies (McKee et al. 2006).
Each of these layers, and their basis for inclusion, are described in more detail below.
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Population: Population was calculated from the 2000 Census Block Groups shapefile.
The Block Group polygons were split by watershed boundaries. The resulting split
population polygon populations were recalculated by multiplying the area of the split
polygon by the population per unit area. Population was then summed for each
watershed.

Land use and cover:

Land use: Land use was calculated from the Assocation of Bay Area Governments
(ABAG) 1995 Regional Existing Land Use dataset (ABAG 1997). The land use
polygons were split by watershed boundaries. Land use was categorized into industrial,
residential, commercial, open space and agriculture. Null land use values were
excluded from analysis. These null values were generally Bayland features, upland
reservoirs, and portions of the watershed outside the boundaries of the land use dataset.
The area per watershed of each land use type was attributed to each watershed.

Historic industrial land use: PCBs and Hg are classified as legacy contaminants.
Although small amounts are still in use today, the peak use of both substances occurred
more than three decades ago. Both substances were used in industrial applications;
consequently, soils and sediments in historic industrial areas are often contaminated (van
Geen and Luoma 1999; Kuzyk et al. 2005b; SFBRWQCB 2006, 2008). The historic
industrial land use dataset was based on land use that is classified "urban" in 1954 USGS
reference maps and "industrial" in current ABAG reference maps (ABAG 1997). The
1954 reference maps do not distinguish industrial land uses from other urban uses (e.g.
residential, commercial). In order to estimate historic industrial land use, we made the
assumption that any areas that are currently industrial land use that intersect with the
historic urban land use layer were historically industrial. This was assumed because it is
unlikely that residential, commercial, agricultural or open space land use would be
converted to industrial land use given trends in the Bay Area are dominantly towards
urban residential and commercial land uses. This data layer was split by watershed
boundary, and historic industrial land use area was summed by watershed.

Impervious surface: The volume of runoff that occurs in urban areas is influenced by the
area of impervious surfaces. Since PCBs and Hg are predominantly transported into San
Francisco Bay during rain storms and stormwater runoff (McKee et al. 2005),
permeability is a potential indicator of PCB and Hg loads. The NLCD 2001 Impervious
layer [National Land Cover Dataset (NLCD) 2001] was converted to polygons to
calculate percent permeable surfaces. This polygon layer was then split by watershed
boundary. The polygon area was calculated for each permeability value polygon and this
area was multiplied by the percent permeability to create the amount of impervious
surface. The amount of impervious surface was then summed by watershed.

Railroads: Soils in areas around railroads have been identified as having greater
concentrations of PCBs and Hg (McKee et al. 2005). This is probably due to a variety of
reasons including incidental spillage during loading and transport, the use of both PCBs
and Hg in electrical applications such as switching and motive power, and the use of used
industrial oils for dust suppression (McKee et al. 2006). Railroad data layers were



compiled separately for current and historic railroads focusing on the period of greater
PCBs and Hg use (1950-1990). The current railroad layer was created by the USGS as
part of the digital line graphic database. The historic railroads layer was created using
rectified 1951 to 1961 USGS topographic quads. The rail lines that were not included in
the current-day rail lines were digitized using the heads-up methodology (i.e., directly
traced on the computer screen using scanned raster images as a backdrop). Each railroad
data layer was split by watershed boundary and then the length was summed by
watershed. A total rail length per watershed was calculated and used as input data.

Auto dismantlers: Both PCBs and Hg were used heavily in the auto industry. PCBs were
used in electrical starters, capacitors, and as flame retardants in upholstery, whereas Hg
was used in electrical components including switches, thermostats, and halogen lights.
Areas in the urban landscape where vehicles are recycled, refurbished or disposed of are
likely to be subjected to contamination. An auto dismantlers data layer was created
representing the active auto and truck dismantling facilities (i.e., auto wreckers and junk
yards) listed in Water Board records in October 2002. These facilities can be a source of
ground and surface water contamination and are thus closely monitored by the Water
Board. The facility locations have been determined by address-match geocoding
supplemented by hand-plotting using aerial photographs and maps, but the data has not
been error-corrected. The number of locations were counted and attributed to watershed.

Pacific Gas and Electric (PG&E) Facilities: The largest use of PCBs (60% in the US)
was in the power generation and transmission industry. The USEPA PCB self-reporting
data base (http://www.epa.gov/epawaste/hazard/tsd/pcbs/pubs/data.htm) lists about
260,000 kg (580,000 1b) of PCBs currently being cycled out of use in California. While
PG&E is cleaning up their facilities in compliance with current laws and regulations,
legacy contamination in soils is still present on PG&E properties at concentrations that
while legal, may be slowly being dispersed off site by wind, water, wheel- and foot-
tracking and entering the local stormwater conveyance (SFEI 2010). These areas are
known to have concentrations greater than TMDL targets (McKee et al. 2006). PG&E
Facilities data were compiled from a PG&E database for the Bay Area obtained by the
Water Board in 2002. The number of locations were counted and attributed to each
watershed.

Pump stations: Many urban watersheds in the Bay region drain areas on the Bay margin
that are near or even below sea level or where stormwater, on its way to the Bay, must
pass below infrastructure such as freeways and railways. These physio- and socio-graphic
features in the urban landscape have necessitated the use of pumps to lift stormwater out
to the Bay. These areas are often current or historical industrial areas and are often also in
close proximity to wastewater treatment facilities. Provisions C.11.f. and C.12.f. of the
MREP call for permittees to implement five pilot projects to divert dry weather and first
flush flows to wastewater treatment plants to address these flows as a source of PCBs and
Hg to receiving waters. While there are other reasons, it is primarily the proximal
relationship between industrial land uses, pump stations, and wastewater treatment
facilities that make this option seem attractive. For these reasons, we chose to include
information on pump stations as a factor of influence for future watershed loads
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monitoring. The Pump Stations data layer was developed in a collaborative effort of
SFEI, BASMAA, and the Water Board. The Water Board requested information from
Phase 1 permittees during the fall of 2007 and from Caltrans in 2009. SFEI organized the
information into a database and GIS shapefile in March of 2009. The number of
locations were counted and attributed to each watershed.

Precipitation: Precipitation is a major driver in the transport of POCs to San Francisco
Bay. For example it has been estimated that >99.5% of Hg loads entering the Bay from
the Guadalupe River watershed during an average year do so during the wet season
(McKee et al. 2005). A precipitation layer was obtained from http://frap.cdf.ca.gov/ . This
layer represents lines of equal rainfall (isohyets) based on long-term mean annual
precipitation data. These data were collected over a sixty year period (1900-1960), over a
minimum mapping unit of 1000+ acres. Data were compiled from USGS, California
Department of Water Resources, and California Division of Mines map and information
sources. Source maps are based primarily on U.S. Weather Service data for
approximately 800 precipitation stations, and supplemented by county and local agency
precipitation data. These data were split by watershed boundary. Average rainfall per
watershed was calculated by summing each rainfall value polygon multiplied by polygon
area and dividing it by total watershed area.

Suspended sediment data: Both PCBs and Hg are transported into the Bay predominantly
associated with sediment particles. As a result, the RMP make considerable annual effort
to measure or improve estimates of suspended sediment loads entering the Bay (McKee
et al. 2005; McKee et al. 2006; David et al. 2009; Lewicki and McKee 2009). Recently,
suspended sediment load estimates were generated for small tributaries in Bay Area
(Lewicki and McKee 2009). These were obtained and used here.

Contaminant data

Watersheds: The history of urbanization and industrial land use in the Bay Area has lead
to residues of PCBs and Hg in urban soils and in the sediments of the stormwater
conveyance system. Knowledge about the distribution of soil and sediment contamination
may provide a basis for estimating which watersheds may have greater loads.
Consequently, over the past 10 years, BASMAA and SFEI have been gradually collecting
information on soil and sediment contaminant concentrations. Presently, Hg and/or PCB
concentrations are reported for over 700 data points disbursed throughout the counties of
San Francisco, San Mateo, Santa Clara, Alameda, Contra Costa and Solano (no data
points are located in the counties of Marin, Napa, or Sonoma). This watershed PCB and
Hg in sediment point data layer includes data from multiple studies regarding the
concentrations of pollutants in street and storm drain sediments around the San Francisco
Bay Area (Gunther et al. 2001; EOA Inc. 2002; KLI and EOA Inc. 2002; Salop et al.
2002a; Salop et al. 2002b; City of San Jose and EOA Inc. 2003; EOA Inc. 2004;
Kleinfelder Inc. 2005, 2006; EOA Inc. 2007). The most recent version of this dataset was
compiled as part of the San Francisco Estuary Institute's "Regional Stormwater
Monitoring and Urban BMP Evaluation ® Each data point was attributed and averaged
by watershed.

® http://sfei.org/stormwaterbmps/gis_data/Soil_dust_drop_inlet_sediment Hg PCB_concentrations.zip
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Bay margins: A goal of the STLS is to identify tributaries having controllable sources
that exert a disproportionately large influence on loads and impacts on the Bay margin.
As the RMP continues to support process studies for contaminant uptake into the food
web, this watershed classification study will help identify high leverage areas on the
Bay margin likely to have relatively large food web impacts. Given these broader
objectives and synergies between RMP strategies, we included knowledge of Bay margin
characteristics in the present data compilation. A within-Bay sediment Hg data layer
includes Hg data from multiple studies regarding the concentration of Hg in San
Francisco Bay sediments. This dataset (N = 699 points total) was compiled in 2009
(Greenfield et al. 2009) with additional data added in February of 2010. Data sources
include studies by the RMP, CALFED, USGS, the South Bay Mercury Project, the
PRISM Program, and other unpublished data sets. Each point was spatially joined with
the nearest individual watershed within a 500 meter search radius limit. A total of 98 of
the 700 points were attributed to specific watersheds.

Data processing

Prior to statistical analyses, data for several parameters were modified or transformed.
The percent water land cover was removed from the analysis, as 182 of 185 results were
zeros, and the remaining three values were less than 0.1% of total land cover. The two
historical railroad results were summed into a single historic railroad category. Also
removed from the statistical analysis were parameters that were not available for all
watersheds: subtidal sediment Hg, watershed soil Hg, and model predicted watershed
suspended sediment loading.

Parameters were transformed to improve results of distance calculation measurements
and obtain multivariate normality, linearity, and consistent scales among the parameters.
Proportions were arcsin(square-root) transformed®, population was square-root
transformed, and other parameters were log transformed. Precipitation and geospatial
coordinates (UTM northing and easting) were approximately normally distributed, and
therefore not transformed. To maintain the presence of zero values in the data set, log
transformations were adjusted following the procedure of zero conversion described in
Chapter 9 of McCune and Grace (2002). All results were then scaled from 0 to 1.
Examination of bivariate scatter plots and histograms confirmed approximate
multivariate normality and linearity of residuals.

Statistical analysis

Three clustering methods were used to categorize watersheds based on available
information and data describing land use, land cover, and other environmental conditions.
Two of the methods were performed by applying two types of dissimilarity measures to

¢ Arcsin(square root) transformations are commonly performed to improve normality of proportion or
percentage data.
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the converted data set: relative Euclidian dissimilarity (i.e., standardized to the sum of
squares to achieve maximum values of square root and Bray-Curtis dissimilarity (i.e.,
Serensen index). Hierarchical clustering was performed on each dissimilarity matrix
using Ward s minimum variance method as the linkage method (McCune and Grace
2002). Other methods were attempted (average linkage, single linkage, and complete
linkage) but dendograms indicated poorly defined clusters with substantial chaining
(addition of single items to existing groups). The third clustering method was performed
using the clues algorithm, which uses an automated combination of partitioning and
shrinking to optimize cluster number (Chang et al. 2010). The clues method was
implemented with a Euclidian distance dissimilarity measurement, and the Silhouette
index to optimize cluster number. Silhouette and CH indices were evaluated to compare
the clustering methods. Silhouette index compares the dissimilarity of each point within
clusters to all of the points in the nearest neighboring cluster. CH index is the ratio of
variation within clusters to variation between clusters (Chang et al. 2010).

The data set was also evaluated using an ordination method called Non-Metric
Multidimensional Scaling (NMDS), performed with the metaMDS algorithm (Minchin
1987; Cox and Cox 1994, 2001), and based on Bray-Curtis dissimilarity. The NMDS
was applied to our dataset to describe the underlying variance structure of a data set and
the main variables contributing to differences among watersheds. It is superior to
Principal Components Analysis and other parametric methods in having few data
structure requirements to result in successful ordinations. NDMS was performed
assuming two axes. MetaMDS uses random starting configurations to avoid local optima
and find the global best solution. A convergent solution was not found after 20 iterations,
when comparing solutions using Procrustes rotation, suggesting that a stable solution may
not exist, and warranting caution in interpretation. However, all solutions resulted in
highly similar stress. Statistical analyses were performed in R (version 2.10.1), using the
vegan, clues, and MASS packages.

Results and Discussion

Cluster analysis results

This analysis is intended to differentiate the 185 watersheds into a tractable number of
categories based on an appropriate clustering approach. Given this objective of the study,
the results of the clues algorithm, results of dendograms using the different clustering
methods (e.g., Figures 2 and 3), and the attributes of resulting clusters, eight categories
were selected as the appropriate number for interpretation.

Silhouette and CH indices were similar among the three clustering methods, suggesting
that they exhibited a similar ability to partition the data set into unique, compact, and
dissimilar clusters. Measures of similarity among cluster results only indicated moderate
correspondence among the methods. This was corroborated by graphical analysis of
NMDS results (presented later) and suggests that the successful partitioning of this data
set is not robust to different clustering methods.
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Graphical analyses of box and whiskers plots were performed for each clustering method.
Each of the cluster categories were compared among the eighteen predictor variables
used in the clustering (Figures 4 through 6). The intent here was to identify the unique
attributes of each watershed category. A secondary goal was to determine which
clustering method was most effective at generating environmentally meaningful
differences among categories. Examining these plots, it was apparent that the Bray-
Curtis dissimilarity method (Figure 4) was superior to the relative Euclidian distance
(Figure 5) and clues methods (Figure 6). The latter two methods resulted in several
categories that were poorly differentiated in important attributes, such as population
density, imperviousness, and industrial land use (Figures 5 and 6). Based on these
observations, we focus the discussion of watershed categorization results primarily on the
Bray-Curtis clustering output.

Description of cluster categories

The eight Bray-Curtis cluster categories vary considerably in their watershed attributes
(Table 1). This variation pertains largely to watershed size, spatial location, population
density, and land cover (Figure 4, Figure 7).

Clusters 1, 2, and 3 are similar to each other in all having relatively high residential,
commercial, and industrial land cover and consequently, high surface imperviousness.
Combined, these clusters include 119 watersheds, and could therefore be described as
typical watersheds for the study area. These clusters generally include densely populated,
low-lying areas that drain into South Bay and Central Bay (Figure 7).

The 41 watersheds in Cluster 1 average 42% residential, 23% industrial, and 13% historic
industrial land cover. Cluster 1 has the second highest industrial and historic industrial
land cover among all clusters, and is also high in impervious surfaces and historic
railroads. It includes the previously monitored industrial locations of Zone 4 Line A, and
the Ettie Street Pump Station (both in Alameda County) and Richmond Inner Harbor
(Contra Costa County). Other representative watersheds in this Cluster include
Calabezas Creek (Santa Clara County), and Burlingame Creek (San Mateo County)
Sampling in these watersheds could be anticipated to indicate runoff patterns typical of
small, relatively urbanized watersheds.

The primary distinction between Clusters 1 and 2 is that the 43 watersheds in Cluster 2
have higher residential land cover (57%) and one to four PG&E substations, whereas
Cluster 1 watersheds all lack PG&E substations. Thus, comparing watersheds among
these clusters might distinguish among potential contaminant loads associated
specifically with the presence of PG&E substations. The other difference between 1 and
2 is that watersheds in 2 are often larger in area than 1, though this is not consistently the
case (Figures 4 and 7). Representative watersheds in Cluster 2 are Meeker Slough
(Contra Costa County), Cordonices Creek (Alameda County), Sunnyvale East (Santa
Clara County), and San Bruno Creek (San Mateo County).
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The 35 watersheds in Cluster 3 average 45% residential, 13% industrial, and 5% historic
industrial land cover. Compared to Clusters 1 and 2, Cluster 3 has lower historic
industrial land cover, corresponding to a general absence of historic railroads or water
pumping stations in Cluster 3. The other difference is that watersheds in Cluster 3 are
generally smaller than in 1 or 2, and often contain Baylands, exposed areas, and sloughs
or lagoons. Examples include Point Isabel (Alameda County), Moffett West (Santa Clara
County), Foster City Lagoon (San Mateo County), and several unnamed watersheds in
Contra Costa County. If the goal were to target monitoring towards historic pollutants
due to industrial sources, it would appear that Cluster 1 may be more suitable than
Cluster 3, due to the higher density of historic industry and railroads.

Clusters 4 through 8 were much more distinct than Clusters 1, 2, and 3, each
characterized by a fairly unique combination of land cover and other attributes. Eleven
small to very small watersheds comprise Cluster 4, and with one exception, these are all
on or abutting San Francisco International Airport (San Mateo County). These
watersheds are all characterized by very high current (68%) and historic (73%) industrial
land cover. They consequently have the highest imperviousness among all watersheds,
and also have relatively low population density. If any of these watersheds were to
contain an untreated and accessible discharge point to the Bay, it would be an interesting
candidate for monitoring and characterizing industrial sources.

Clusters 5 and 6 are similar to each other in having high open land cover (61% and 63%
open, respectively) and consequently low imperviousness (Figure 4). Cluster 5
watersheds have very low residential (11%) or commercial (1%) development, and
consequently the lowest population density of all watersheds (Figure 4). These
watersheds also contain no historic or modern railroads. The 11 watersheds in Cluster 5
include three watersheds that are above reservoirs (Alameda Creek, Guadalupe River,
and Coyote Creek, above the respective reservoirs), that do not directly drain into the
Bay, and are therefore inappropriate for sampling. The remaining eight watersheds in
Cluster 5 are small, nearshore areas, generally comprising reclaimed Baylands and other
open spaces. Examples include Bay Farm Island (referred to as AC unk23), the Palo
Alto Golf Course, and Bayfront Park (adjacent to Atherton Creek). It appears that the
watersheds in Cluster 5 would be generally inappropriate for stormwater sampling at the
Bay margin.

Cluster 6 contains 22 watersheds, which generally comprise the largest watersheds in the
study area (Figure 4, Figure 7). Watersheds in Cluster 6 generally extend to the upland
areas, such as the East Bay hills. Examples include the heavily sampled Guadalupe River
(Santa Clara County), San Francisquito Creek (San Mateo County), San Lorenzo Creek
(Alameda County), and Wildcat Creek (Contra Costa County). These watersheds have
low to moderate residential development (averaging 24%), low imperviousness, and low
residential land cover. Cluster 6 watersheds contain a high density of PG&E substations
(only exceeded by Cluster 2) and moderate to high modern and historic railroad cover.
Given their large area, Cluster 6 watersheds are expected to contain high spatial
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variability in land cover composition, with higher urban density and impacts in the low-
lying areas.

Cluster 7 1s the only group containing notable agricultural land cover (43% on average).
All but one of these 17 watersheds are in Contra Costa County and drain to Suisun Bay.
They would be candidates for monitoring if legacy agricultural sources were of interest.
Notable watersheds in Cluster 7 include Mallard Slough, E and W Antioch, Walnut
Creek, and Crandall Creek/Zone 5 Line P. Creeks in some of these watersheds have been
observed to have elevated pyrethroid pesticides and impacts to local benthic fauna
(Amweg et al. 2006).

Cluster 8 is also unique, consisting of just five tiny unnamed watersheds alongshore of
the Carquinez Strait. These watersheds average 97% open land cover, and likely
represent undeveloped parklands with no current local pollutant sources. One of these
watersheds could be a candidate for monitoring as a control site indicative of sediment or
pollutant loading due to natural sources and atmospheric deposition.

NMDS results and comparison to cluster analysis

NMDS was applied to the dataset to evaluate which variables best characterize
differences among watersheds, how these variables are related to each other, and how
successful different clustering methods were at generating distinct and compact clusters.
When NMDS ordinations are performed, a calculation is performed of the mismatch
between overall distance in the original data set and distance in the ordination results.
This calculation, referred to as stress, is minimized to obtain the optimal ordination.
The final stress is used as a diagnostic indicator of the overall success of the NMDS at
characterizing the underlying variation in the data. Stress is measured on a scale from 0
to 100. Stress values above 20 are generally considered to be poor outcomes, and subject
to lower interpretive confidence. In our study, the final NMDS stress results were just
above 22. Hence, the NMDS results should be interpreted with caution.

Results of the NMDS ordination of the dataset, compared to three clustering outcomes,
are presented in Figures 8, 9, and 10. The arrows on these figures indicate the direction
and relative strength of selected variables in the ordination. Based on the arrows
following the x-axis, the watersheds may generally be distinguished on this axis based on
a gradient from industrial land cover with high imperviousness (towards the left) to open
land cover. Bray-Curtis Clusters 4 and 8 fit this pattern, as they were previously
described as the outlier watersheds in these attributes, having almost exclusively
industrial and open cover, respectively.

The y-axis appears to correspond to specific industrial developments within the
watershed, such as historic railroad and PG&E facilities. This explains the primary
difference between Cluster 3 and Clusters 1 and 2  though all three of these clusters
contain moderate to high industrial land cover, watersheds in Cluster 3 do not contain
railroads or PG&E facilities. We speculate that some of the watersheds in Cluster 1
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constitute the watersheds with greatest overall potential to have legacy contaminant
hotspots, associated with historic human activity. This hypothesis is based on the
observation of Cluster 1 watersheds being located in the direction of industrial activity,
impervious surfaces, PG&E facilities, and historic railroads.

Examining Figures 8 through 10, there is a generally weak correspondence among the
different clustering methods in characterizing the gradient described in the NMDS. This
is consistent with the weak results of the relative Euclidian and clues clustering (Figures

5 and 6), as well as the high stress of the NMDS. The clues method did a particularly
poor job, as evident from the broad spread and overlapping pattern of Clusters 1, 5, and 6
in this output (Figure 10). In contrast, the Bray-Curtis output performed relatively well in
generating fairly compact and distinct clusters (Figure 8). This finding supports the prior
decision to focus on the Bray-Curtis results for characterizing these watersheds (Table 1).

There were some clusters that were consistent among methods. In particular, Clusters 3,
4, and 7 in the Bray-Curtis output corresponded fairly well to clusters 5, 7, and 4 in the
Euclidian distance method (Figures 8 and 9). This finding suggests that the small
urbanized watersheds (BC Cluster 3), agricultural watersheds (BC Cluster 7), and the
industrial watersheds near SF Airport (BC Cluster 4) are clearly distinct from the other
watersheds in the study area.

Bivariate approaches to watershed classification

The strength of a clustering approach is its ability to incorporate the information from the
multiple attributes that vary across the data set (i.e., the multiple arrows in Figures 8
through 10). The NMDS and cluster analysis results suggest that a complete partitioning
of this data set depends on information contained in multiple attributes. For example,
clusters 1 through 3 all contain high residential land cover and imperviousness but are
differentiated based on railroads, historic industry, and PG&E substations. In contrast,
clusters 6 and 7 are characterized by high open and agricultural land cover (Table 1).

Nevertheless, if management considerations dictate that classification should be based on
only one or two of the attributes, this may be readily accomplished with the data set
assembled. For example, a bivariate approach would generate a set of categories based
on two of the available attributes. To illustrate the concept, we partitioned the data set
according to a combination of percent imperviousness and one other attribute. Percent
imperviousness was selected because of its importance for watershed contaminant
loading, and because it explains a relatively high proportion of the variation in the data
set. This relatively high importance is illustrated in the long arrow for this attribute in
Figures 8§ through 10.

To most effectively partition the variance in the data set, the second variable should

explain substantial additional variation beyond that explained by percent imperviousness.
This is apparent in the NMDS plots as arrows perpendicular to the percent
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imperviousness arrow. Historic railroads and PG&E facilities both fit this criterion,
being largely vertical, whereas percent imperviousness is horizontal (Figure 8).

We generated a six category classification based on percent imperviousness and PG&E
facilities (Figure 11). Three category divisions were made for percent imperviousness
(A: <30%; B: >=30% to < 50%; and C: >=50%). Within each of these categories, two
subdivisions were generated based on either presence (1) or absence (0) of PG&E
facilities. We generated a separate six category classification based on percent
imperviousness and historic railroads (Figure 12). For this scheme, the three categories
described above for percent imperviousness (i.e., A, B, and C) were each divided into
two subcategories based on either presence (1) or absence (0) of any historic railroads
within the watershed.

The resulting bivariate classifications (Figures 11 and 12) corresponded to some extent to
the cluster analysis map (Figure 7). In particular, many of the large watersheds in
clusters 5, 6, and 8 also fell into the low imperviousness category. However, some of the
information in the cluster analysis was missing from the bivariate results. For example,
percent agricultural land cover clearly differentiated cluster 7 from the other clusters, and
this attribute would appear important for certain kinds of contaminants.

Conclusions

This cluster analysis watershed classification scheme provides planning level information
for efforts aimed at selecting watersheds for subsequent contaminant concentration and
loads monitoring. The classification supports the goal of targeting specific land attributes

and thus, potential historic and current sources. For historic pollutants with industrial
sources (e.g., PCBs), candidate watersheds would contain areas of historic industrial land
use and activities. These include watersheds found in Clusters 1, 2, 4, and 6. We
speculate that Cluster 1 watersheds have the greatest overall potential for legacy
contaminant hotspots and high-leverage contaminant loading due to historic human
activity. This hypothesis is based on Cluster 1 watersheds combined industrial activity,
impervious surfaces, PG&E facilities, and historic railroads.

Additional watershed selection considerations include watershed sizes, impervious cover,
and other determinants of contaminant loading. Characterization of the full range of
watershed sizes and impervious cover, will inform on the relative severity of
contamination and loading from high-leverage tributaries. For example, small, open-
space watersheds would provide a baseline for comparison, because contamination in
these watersheds is dominated by atmospheric deposition and natural attenuation.
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Tables

Table 1. Description of eight watershed clusters generated using Bray-Curtis distance
with Ward's linkage method.

Cluster | Number of | Description

# watersheds

1 41 High commercial and residential land cover and imperviousness.
High historic industry and railroads. No PG&E facilities.
Moderate area.

2 43 High commercial and residential land cover and imperviousness.
High historic industry and railroads. One to four PG&E
facilities. Large area.

3 35 High commercial and residential land cover and imperviousness.
Low historic industry or railroads. Smaller area.

4 11 Small, sparsely populated, predominantly industrial, highest
historic industrial and imperviousness. Located around San
Francisco Airport and Brisbane.

5 11 Sparsely populated, low development, high open land cover, no
railroads, "green space." Located adjacent to Bay or in
undeveloped uplands.

6 22 Largest watersheds, with moderate population density, high open
land cover, and low imperviousness.

7 17 High agricultural land cover, lower rainfall, draining to
Carquinez Strait and Suisun Bay.

8 5 Small, sparsely populated, predominantly open, containing

historic railroad, and draining to Carquinez Strait.
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Appendix A

Numbered watershed names and categories in Figures 7, 11, and 12

ID Number

Fig. 7, 11,

Watershed Name

ACFC_Zone 4 Line A
ACFC_Zone 5 Line F-1
ACFC_Zone 5 Line J-3 Pump Station

ACFC_Zone 5 Line P and Zone 6 Line N

AC_unk01
AC_unk02
AC_unk03
AC_unk04
AC_unk05
AC_unk07
AC_unk08
AC_unk09
AC_unk11
AC_unk12
AC_unk13
AC_unk14
AC_unk15
AC_unk16
AC_unk17
AC_unk18
AC_unk19
AC_unk20
AC_unk22
AC_unk24
AC_unk25
AC_unk27
AC_unk28
Adobe Creek

Agua Fria and Torogas Creek and Scott Creek

Arroyo Viejo

Atherton Creek
Barron Creek

Baxter Creek
Bayfront Park
Belmont Creek
Belmont Slough
Blackberry and Marin Creeks_A
Bockman Canal

Borel Creek
Burlingame Creek
Cerrito Creek

Coast Casey Forebay
Codornices Creek
Colma Creek
Cordilleras Creek
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Figure 7
Category

Bray Curtis
Clusters

—_
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Figure 11
Category
Impervious
and PG&E
C.0
C.0
C.0
B.1
B.0
B.0
C.0
C.0
B.O
B.1
C.0
C1
C.1
Cc.0
C.0
Cc.0
Cc.0
B.0
Cc.0
C.0
B.0
C.0
Cc.o0
C.0
A.0
C.0
C1
A1
A.1
A.1
B.1
B.0O
C.1
A.0
B.1
B.O
B.1
C1
B.1
A0
B.1
C.0
A1
B.1
A1

Figure 12
Category
Impervious
and railroad
CA1
CA1
C.0
B.1
B.O
B.O
CA1
CA1
B.O
B.O
C.0
CA1
CA1
CA1
CA1
CA1
CA1
B.O
CA1
C.0
B.O
C.0
C.0
CA1
A0
C.0
CA1
A1
A1
A1
B.1
B.1
CA1
A0
B.1
B.O
B.1
CA1
B.1
A1
B.O
CA1
A
B.1
A1



ID Number

Fig. 7, 11,
12
54
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
83
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
101
102
103
105
106

Watershed Name

Crandall Creek and ACFC_Zone 5 Line P
Derby and Potter Creeks_A
Easton Creek

Elmhurst Creek A

Estudillo Canal

Ettie Street Pump Station_A
Garrity Creek

Glen Echo Creek

Green Hills Creek

Guadalupe River

Guadalupe Valley Creek

Herman Slough and Castro Creek
Hoffman Channel

Agua Caliente

Laurel Creek

Leslie Creek

Lion Creek

Upper Coyote Creek (above Anderson Dam)
Lower Sulphur Creek

Mallard Slough

Marina Lagoon

Matadero Creek

Meeker Slough

Millbrae Creek

Mills Creek

Treasure Island

West Antioch

Moffett West

Oyster Point

Palo Alto Golf Course

Peralta and Courtland and Seminary Creeks
Permanente Creek

Pinole Creek

Pinole Shores

Point Isabel

Point Richmond

Point San Pablo Peninsula North
Poplar Creek

Pulgas Creek

Redwood Ck and Arroyo Ojo de Agua Ck
Redwood Shores Lagoon Water
Refugio Creek

East Antioch

Richmond Inner Harbor
SMC_unk01

SMC_unk02

SMC_unk04

SMC_unk05
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Figure 7
Category
Bray Curtis
Clusters
7
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Figure 11
Category
Impervious
and PG&E
B.0O
C.1
B.1
C.1
CA1
C.0
B.O
B.0
B.1
B.1
A0
c.o
B.1
A.1
B.0O
c.o
B.0
A.1
C.0
A.0
C.0
A.0
CA1
C.0
B.0O
C.0
A.1
B.0O
c.o
B.0O
CA1
A1
A.0
B.0O
C.0
B.0O
A0
B.1
B.1
B.1
B.O
A1
B.1
c.o
B.1
A.0
C.0
C.0

Figure 12
Category
Impervious
and railroad
B.O
CA1
B.1
CA1
C.1
CA1
B.1
B.O
B.1
B.1
A1
C.1
B.O
A1
B.1
C.1
B.1
A.0
C.1
A.0
C.0
A1
C.1
CA1
B.1
C.0
A.0
B.1
C.0
B.O
C.1
A1
A1
B.1
C.0
B.1
A1
B.1
B.1
B.1
B.O
A.1
B.O
C.1
B.1
A.1
C.0
Cc.0



ID Number

Fig. 7, 11,
12
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
140
141
142
143
144
145
146
147
148
151
152
153
154
155
156
157

Watershed Name

SMC_unk06
SMC_unk07
SMC_unk08
SMC_unk09
SMC_unk10
SMC_unk11
SMC_unk12
SMC_unk14
SMC_unk15
SMC_unk16
SMC_unk17
SMC_unk18
SMC_unk19

San Bruno Creek

San Francisco International Airport A
San Francisco International Airport B

San Francisquito Creek

San Leandro Creek Above Lake Chabot
San Lorenzo Creek

San Mateo Creek Above Reservoir

San Pablo Creek Above Reservoir

San Tomas
Sanchez Creek

Sanjon de los Alisos A
Santa Fe Channel

Sausal Creek

Schoolhouse Creek

Seal Slough

Sewage Treatment Plant

Walnut Creek
Stevens Creek

Strawberry Creek
Temescal Creek

Unknown_240
Unknown_241
Unknown_244
Unknown_245
Unknown_246
Unknown_247
Unknown_248
Unknown_251

Alhambra Creek

Unknown_256
Unknown_257
Unknown_258
Unknown_259
Unknown_260
Unknown_261
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Figure 7
Category
Bray Curtis
Clusters
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Figure 11
Category
Impervious
and PG&E
c.o
C.0
c.o
C.0
B.0O
C.0
c.o
C.0
c.o
B.1
A0
CA1
C.0
B.1
C.0
c.0
A1
A.1
A1
A.1
A1
B.0O
A.1
C.1
CA1
A1
B.0O
C.0
A.0
A1
A.1
B.1
A.1
B.0
B.0
B.0
A0
B.0
B.0
A0
A0
A.1
A0
A0
A0
A0
A0
B.0

Figure 12
Category
Impervious
and railroad
CA1
CA1
CA1
C.0
B.0O
C.0
CA1
C.0
CA1
B.1
A1
CA1
CA1
B.1
C.0
C.0
A1
A.0
A1
A.0
A.0
B.1
A1
CA1
C.1
A1
B.1
C.0
A.0
A.0
A1
B.O
A1
B.0
B.0
B.0O
A.0
B.0O
B.O
A.0
A.1
A1
A.0
A.0
A.1
A.0
A.0
B.0



ID Number

Fig. 7, 11,

12
158
159
160
161
162
163
164
165
166
167
168
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
203
294
295
296
297
299
341
342
343
345
349
None
None
None
None

Watershed Name

Unknown_262
Unknown_263
Unknown_264
Unknown_265
Unknown_266
Unknown_267
Unknown_268
Unknown_272
Unknown_273
Unknown_274
Unknown_275
Unknown_284

Visitacion Point

Ward and Zeile Creeks
Yerba Buena Island
Mount Diablo Creek
Kirker Creek
Unknown_271

Alameda Creek Above Reservoir
Point San Pablo Peninsula West
AC _unk23

AC_unk21

SMC_unk13

Foster City Lagoon Water
Rodeo Creek

Canada del Cierbo
Wildcat Creek

Rheem Creek

Point Pinole

San Leandro Creek Below Lake Chabot

Guadalupe River Above Reservoir
Lower Coyote Creek (below Dam)
San Mateo Creek

Alameda Creek

San Pablo Creek

Sunnyvale West

Sunnyvale East

Calabazas Creek

Refugio North

Davis Point
Unknown_253MergeManual
Unknown_252MergeManual
Unknown_278MergeManual
SMC_unk03MergeManual
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Figure 7
Category
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Clusters
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Figure 11
Category
Impervious
and PG&E
A0
B.1
A.0
B.1
B.0
A0
B.1
A0
A0
A0
A0
A0
C.0
B.1
A0
A.0
A0
CA1
A0
A.0
B.0
A0
A.0
C.0
A1
A0
A.0
B.0
A1
C.1
A.0
A1
A1
A1
A1
c.o
C.1
B.O
A0
A.0
A0
A0
A1
c.o

Figure 12
Category
Impervious
and railroad
A.0
B.1
A1
B.O
B.0O
A.0
B.0O
A.0
A.0
A.0
A.0
A.0
CA1
B.1
A.0
A.0
A.0
C.0
A.0
A1
B.O
A.0
A.0
C.0
A1
A1
A1
B.1
A1
CA1
A.0
A1
A1
A1
A1
C1
CA1
B.1
A1
A1
A1
A.1
A.1
C.1



Appendix B
Background Information

Coastal ecosystems around the world are the focus of urbanization, industrialization,
agriculture, transport (rail, road, and shipping) and waste disposal and as such are subject
to loads of suspended sediments, nutrients, pathogens, and trace organic and metallic
wastes (Haycock et al. 1993; Lauenstein and Daskalakis 1998; Smith 1998; Covelli et al.
2001; Linkov et al. 2002; Trimble 2003; Bridges et al. 2005; Kuzyk et al. 2005b). In the
recent century, the advancement of chemical process technology lead to the use and
synthesis of a number of persistent metals including mercury (Hg), copper, lead, zinc and
silver and organic compounds including polyaromatic hydrocarbons (PAHs),
organochlorine (e.g. DDT), organophosphate (e.g. melathion), and synthetic pyrethroid
pesticides (e.g. ), polychlorinated byphenyls (PCBs), and polybrominated diphenylethers
(PBDEs). Although these substances have provided for many useful lifestyle
improvements, they have also lead to many well documented ecosystem impacts
worldwide (Anderson et al. 1975; Eisler 1987; Collier et al. 1998; Kannan et al. 1998;
Kennish and Ruppel 1998; Covelli et al. 2001; Strom and Graves 2001; Tay et al. 2003;
Gergel et al. 2004; Kuzyk et al. 2005a; Amweg et al. 2006; Brown et al. 2006; Suchanek
et al. 2009). San Francisco Bay is one such ecosystem where the balance between
technological and economic advancement and ecosystem preservation have resulted in
increased concentrations of multiple pollutants (Hornberger et al. 1999; van Geen and
Luoma 1999), with effects to local fish and wildlife (Thompson et al. 2007; Ackerman et
al. 2008; Brar et al. 2010).

In 2006, in compliance with the Clean Water Act overseen by the U.S. Environmental
Protection Agency (U.S. EPA), the state of California included all or some areas of San
Francisco Bayd on the 303(d) list of water quality limited segments. The current listings
are based on organochlorine pesticides (DDT, chlordane, dieldrin), dioxin compounds,
exotic species, furan compounds, lead, mercury, nickel, polyaromatic hydrocarbons
(PAHSs), polychlorinated biphenyl s (PCBs), sediment toxicity, selenium, and zinc (State
Water Resources Control Board 2009). In the 1990s, the California Office of Health
Hazard Assessment (OHHA) issued health warnings to those people of catch and
consume fish from San Francisco Bay (OEHHA 1997; Davis et al. 2002).

41.e., Central San Francisco Bay and subembayments (e. g., Oakland Inner Harbor, San Leandro Bay, and
Central Basin), San Pablo Bay, Suisun Bay, and Carquinez Strait

29



Figure Captions

Figure 1. Map of the study area.

Figure 2. Dendogram of cluster analysis using Bray-Curtis dissimilarity measure, with
rectangles indicating the 8§ clusters selected.

Figure 3. Dendogram of cluster analysis using relative Euclidian distance dissimilarity
measure, with rectangles indicating the 8 clusters selected.

Figure 4. Box and whiskers plots for the eight clusters selected in the Bray-Curtis
dissimilarity cluster analysis. Each plot indicates the results of one of 18 numeric
metrics. Metrics were all transformed and rescaled to range from 0 to 1, as described in
methods.

Figure 5. Box and whiskers plots for the eight clusters selected in the relative Euclidian
dissimilarity cluster analysis.

Figure 6. Box and whiskers plots for the seven clusters selected in the clues algorithm
cluster analysis.

Figure 7. Map of the study area, indicating the watershed categorization among clusters.
Results are for the Bray-Curtis dissimilarity cluster analysis (Figures 1 and 3), with color
coding indicating which cluster each watersheds falls into.

Figure 8. NMDS ordination results with Bray Curtis clustering outcomes indicated by
symbols. Arrows indicate direction and relative magnitude of labeled variables.
Variables listed with arrows in Figures 7 to 9 were chosen because they were strongly
associated with clustering or to illustrate specific gradients (e.g., agricultural land cover,
PG&E facility).

Figure 9. NMDS ordination results with Relative Euclidian distance clustering outcomes
indicated by symbols. Arrows indicate direction and relative magnitude of labeled

variables.

Figure 10. NMDS ordination results with Clues algorithm clustering outcomes indicated
by symbols. Arrows indicate direction and relative magnitude of labeled variables.

Figure 11. Bivariate classification results based on percent imperviousness and PG&E
facilities.

Figure 12. Bivariate classification results based on percent imperviousness and presence
of historic railroads.
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Figure 2 Bray Curtis dendogram with no Null and 8 bins
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Figure 3

Relative Euclidian Distance dendogram with no Null and 8 bins
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Figure 8 NMDS plot of clusters Bray—Curtis Distance with 8 categories
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Figure 9

NMDS plot of clusters Relative Euclidian Distance with 8 categories
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Figure 10 NMDS plot of clusters Clues with Silhouette and Euclidian Distance
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Figure 11

Watersheds
Manual Classification - PG&E
B A0 <31% Impervious. No PG&E
- A.1 <31% Impervious. Yes PG&E
. | B.0 31-50% Impervious. No PG&E
| B.1 31-50% Impervious. Yes PG&E
I C.0 >50% Impervious. No PG&E
- C.1 >50% Impervious. Yes PG&E
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Watershed information created for the Small Tributary and
loading Study Watershed Ranking task.

Background Imagery: 90 meter NED Hillshade

Datum and projection: NAD 1983 California Teale Albers
Map Creator: Marcus Klatt, April 2010
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Figure 12 "

Watersheds
Manual Classification- Railroads
I A0 <31% Impervious. No historic RR.
- A.1 <31% Impervious. Yes historic RR.
| B.0 31-50% Impervious. No historic RR.

I .0 >50% Impervious. No historic RR.
- C.1 >50% Impervious. Yes historic RR.

| B.1 31-50% Impervious. Yes historic RR.
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Watershed information created for the Small Tributary and
loading Study Watershed Ranking task.

Background Imagery: 90 meter NED Hillshade

Datum and projection: NAD 1983 California Teale Albers
Map Creator: Marcus Klatt, April 2010
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